. This phage is of genetic importance since it appears to be required to establish competence for transformation and transfection in S. aureus (15). Genetic experiments suggested that expression of an early viral gene product is required to establish competence (16). This conclusion was recently challenged by Thompson and Pattee (20), who suggested that the competence-inducing factor resided in the phage particle. A circular genetic map of phage 4)11 was established with the aid of sus mutants of the phage (5). Several temperature-sensitive (ts) mutants, including the only mutant ()11 ts3l) exhibiting a temperature-sensitive induction of competence, could be located on the circular map (16 mM Tris-hydrochloride (pH 7.5)-10 mM MgCl2. The phage band was collected and dialyzed against the same buffer. Phage DNA was extracted by incubating the phage preparation for 2 h at 37°C in the presence of 0.5% sodium dodecyl sulfate and 0.5 mg of proteinase K per ml followed by phenol extraction and dialysis against TE buffer (10 mM Tris-hydrochloride, pH 7.5, 1 mM EDTA). The covalently closed circular form of phage 411 DNA was prepared from cells infected at a multiplicity of 1. At 20 min after infection 10 ,ug of chloramphenicol per ml was added. The cells were chilled on ice, and covalently closed circular DNA was prepared as described previously (7).
Bacteriophage 011 is a group B phage first detected as a prophage of Staphylococcus aureus NCTC 8325 (11, 12) . This phage is of genetic importance since it appears to be required to establish competence for transformation and transfection in S. aureus (15) . Genetic experiments suggested that expression of an early viral gene product is required to establish competence (16) . This conclusion was recently challenged by Thompson and Pattee (20) , who suggested that the competence-inducing factor resided in the phage particle. A circular genetic map of phage 4)11 was established with the aid of sus mutants of the phage (5) . Several temperature-sensitive (ts) mutants, including the only mutant ()11 ts3l) exhibiting a temperature-sensitive induction of competence, could be located on the circular map (16) .
The structural properties of the phage and of the viral DNA were investigated by Brown et al. (3) . They observed molecular weights of 66.7 x 106 for the phage and 30.6 x 106 (46.0 kilobase pairs [kbp] ) for the single molecule of DNA in the phage head. The DNA is linear and double stranded and contains no apparent singlestranded (ss) terminal redundancy.
This study reports a more detailed analysis of phage )11 DNA. Restriction enzyme maps of mature phage DNA, prophage DNA, and replicative DNA circles have been established. It is concluded that the mature DNA is circularly permuted. A novel approach to determining the sequential arrangement of restriction enzyme fragments in circular permuted DNA was used to establish the restriction enzyme maps.
MATERIALS AND METHODS
Phage and bacterial strain. Phage 411 was propagated in S. aureus 8325-4 as described previously (15) . Bacterial cells were grown in Trypticase soy broth (BBL Microbiology Systems, Cockeysville, Md.). Preparation of DNA. Adenovirus type 2 DNA was prepared as described previously (21) . Phage 011 stocks were derived from single-plaque isolates. The phages were concentrated by centrifugation in a Spinco SW27 rotor at 25,000 rpm for 90 min. The pellet was suspended, and the phages were purified on preformed CsCl gradients (1.35 to 1.55 g/cm3) in 10 mM Tris-hydrochloride (pH 7.5)-10 mM MgCl2. The phage band was collected and dialyzed against the same buffer. Phage DNA was extracted by incubating the phage preparation for 2 h at 37°C in the presence of 0.5% sodium dodecyl sulfate and 0.5 mg of proteinase K per ml followed by phenol extraction and dialysis against TE buffer (10 mM Tris-hydrochloride, pH 7.5, 1 mM EDTA). The covalently closed circular form of phage 411 DNA was prepared from cells infected at a multiplicity of 1. At 20 min after infection 10 ,ug of chloramphenicol per ml was added. The cells were chilled on ice, and covalently closed circular DNA was prepared as described previously (7).
Electron microscopy. Linear DNA prepared from phage 411 particles was analyzed by the aqueous method at pH 7.5, and homoduplex analysis of the mature phage DNA was performed as described in reference 4. Restriction endonucleases. Digestions with restriction endonucleases were performed at 37°C for 1 to 18 h in a buffer containing 6 mM Tris-hydrochloride (pH 7.5)-MgCl2-mercaptoethanol, with the addition of salts as recommended by the manufacturers. SmaI digestion was made in a buffer containing 30 mM Trishydrochloride (pH 9.0)-3 mM MgC12-20 mM KCI at 30°C for 30 min. Before loading onto agarose gels, EDTA was added to 5 mM and Ficoll (Pharmacia Fine Chemicals Ltd., Uppsala, Sweden) was added to 2%.
Agarose gel electrophoresis. DNA was electrophoresed in vertical slab gels containing various aga-RESTRICTION ENZYME MAPS OF o11 DNA 785 gels. DNA fragments of 0 to 4 megadaltons in size were best eluted by squeezing the piece of agarose suspended in TE buffer through a syringe and allowing the DNA to diffuse out of the gel at 370C overnight.
The agarose was removed by centrifugation, and the supernatant was passed through a DEAE column. The DNA was eluted with 0.6 M NaCl, precipitated with ethanol, and dissolved in TE buffer. DNA obtained by this procedure was easily digested with restriction enzymes. Larger fragments were prepared by electrophoresis in a plastic cylinder, in which the DNA (before entering the hydroxylapatite) was passed through both a 1% agarose plug and a Sephadex G-50 column. The DNA was eluted with 1 M phosphate buffer, pH 6.8, and diluted three times in water. This solution was applied to a DEAE-cellulose column and eluted in 0.6 M NaCl precipitated in ethanol and dissolved in TE buffer. This method gave a final recovery of 30 to 40% of the DNA, which was readily digested with other restriction enzymes.
Transfer of DNA to nitrocellulose filters and hybridization. Native DNA in agarose slab gels was denatured in situ and transferred by blotting onto nitrocellulose filters as described by Southern (18) . The DNA used as the probe for hybridization was nick translated in vitro with [a-32P]dCTP by the procedure of Rigby et al. (14) . Baked filters were used for hybridization as described by Botchan et al. (2) . After incubation at 65°C for 18 to 24 h with the 32P-labeled probe, the filters were washed three times in 2x SSC (lx SSC is 0.15 M NaCl plus 0.05 M sodium citrate) with 0.5% sodium dodecyl sulfate and three times in 2x SSC, dried, and analyzed by autoradiography.
RESULTS
Size of mature phage ,11 DNA. DNA prepared from phage )11 particles was studied in an electron microscope, using the aqueous spreading method (4 The EcoRI-HaeIII double digest eliminates EcoRI-C and EcoRI-E as shown in Fig. 1 . There also appears to be a reduction in size of the EcoRI-I and EcoRI-B fragments after EcoRIHaeIII double digestion compared with the EcoRI pattern (Fig. 1) End labeling of phage 411. Our first approach for restriction site mapping of phage 4)11 DNA was to use the method described by Smith and Binstiel (17) , which is based on end labeling of the DNA followed by partial digestion to directly map the restriction sites relative to the termini of the DNA molecule. Attempts to end label mature DNA with polynucleotide kinase (10) or by reverse transcription of ExoIII endonuclease-digested DNA (1) yielded incorporation of radioactivity, but no specifically labeled fragment was found after digestion with restriction enzymes and gel electrophoresis.
Our accumulated results suggest, on the other hand, that there are two KpnI cleavage sites but only two fragments and that the map of the HaeIII fragments is circular. The failure to obtain discrete bands after end labeling of intact DNA suggests, therefore, that the mature 441 DNA is circularly permuted.
An alternative method was therefore developed to end label DNA. Blots of partial restriction enzyme digests of DNA were hybridized with a labeled restriction fragment located at the termini of the restricted DNA (J. I. Flock, personal communication). This method was used on isolated KpnI and HaeIII fragments, for which the end fragments had been identified in the double digests. This approach helped us to determine the relative order of the restriction fragments in the circularly permutated genome.
Partial EcoRI digestion of isolated HaeM and KpnI fragments. DNA fragments isolated from KpnI and HaeIII digests were treated with various concentrations of EcoRI, and the partial cleavage products were separated on agarose gels. The fragments were transferred to nitrocellulose filters by blotting (18) Southern (18) . The area of the filters containing the 411 DNA and Ad2 DNA markers were cut off and hybridized separately to nick-translated 4)11 DNA and Ad2 DNA, respectively. The remaining area of the filters were hybridized to the nick-translated EcoRI-H fragment of 4)11 DNA, which had been cloned into pSA2100. The filters were analyzed by autoradiography. Lanes a through d indicate increasing concentrations of EcoRI. The partial EcoRIproducts are indicated on the figure. on October 27, 2017 by guest http://jvi.asm.org/ Downloaded from RESTRICTION ENZYME MAPS OF 411 DNA 789 ment (1.9 kbp). The band above corresponds to an addition of EcoRI-L, and the third band contains EcoRI-HKl, EcoRI-L, and EcoRI-K. The next band consists of EcoRI-HKl + L + K + A, which is better visualized on a 0.7% agarose gel in Fig. 2B . From this gel it is also possible to resolve EcoRIHKl + L + K + A + B. Larger fragments are not resolved. From the double digest of 411 DNA it is known that EcoRI-C is at the end, which gives the fragment order H'K-L-K-A-B-E_CKI of KpnI-A. The same probe was used for mapping the KpnI-B fragment, whereby the labeled EcoRI-HK2 fragment (0.85 kbp) from the KpnI/EcoRI digest was hybridized to fragments partially digested with EcoRI. Figure 3 shows that EcoRI-HK2 migrates at the bottom of the gel; the band above is EcoRI-HKl, which is a contaminant from KpnI-A. KpnI-B was always contaminated with KpnI-A even after two steps of electrophoretic purification. The third fragment from the bottom is EcoRI-HKI + I, and the band immediately above is again a contaminant from fragment KpnI-A, EcoRI-HKI + L (cf. Fig. 2 Southern (18) . The area of the filter containing the )11 DNA markers was cut off and hybridized separately to nick-translated 4)11 DNA. The remaining part of the filter was hybridized to the nicktranslated EcoRI-H fragment of 411 DNA, which had been cloned into pSA2100. The filters were analyzed by autoradiography. Lanes a through d indicate increasing concentrations ofEcoRI. The partial EcoRI products are indicated on the figure. fragment therefore corresponds to EcoRI-HK2 + I + F. Since the resolution of large fragments is poor with this technique and since the additional EcoRI fragments are similar in size (except for the three minor fragments M, N, and 0, which are only 200 to 245 bp), fragment HaeIII-B was also analyzed by partial cleavage with EcoRI. The Southern blotting technique was again used, with the EcoRI-F cloned in pSA2100 as the labeled probe (8) . Figure 4 shows the order of the EcoRI fragments in HaeIII-B:
EcoRI-FHI N-0-G-M-D_j_CHI.
From this gel (Fig. 4) it is not possible to accurately determine the size of fragments 0, N, and M. Fragment N is slightly larger than fragment 0, 270 and 250 bp, respectively, and M is larger than both of them. Although their sizes do not correspond exactly to those observed in 2.2% agarose gels (Fig. 1B) , we have tentatively mapped them according to their relative size.
Composite cleavage map. The results of the double digestions and partial cleavages have been summarized in a circular map of phage 41l DNA (Fig. 5) . The map order of the HaeIII fragments yields the first circular restriction enzyme map with the fragment order A-D-B-C-E, where fragments HaeIII-A and HaeIII-E are neighbors. The KpnI cleavage sites are then correctly placed on fragments HaeIII-A and -B. The order of the EcoRI fragments has been established by partial cleavage of fragment KpnI-A from EcoRI-HKl to EcoRI-CKl and on fragment KpnI-B from EcoRI-HK" to EcoRI-F.
Since fragment HaeIII-B covers the rest of KpnI-B, the remaining EcoRI fragments will be obtained from the partial cleavage map of the HaeIII-B fragment in the order EcoRI-FHI-N Southern (18) . The area of the filter containing the )11 DNA markers was cut off and hybridized separately to nick-translated )11 DNA. The remaining area ofthe filter was hybridized to nick-translated Ad2 DNA and the EcoRI-F fragment of 011 DNA; the latter had been cloned into Restriction enzyme map ofprophage 411. Bulk DNA prepared from strain 8325-4(411) was digested with EcoRI and HaeIII. The cleavage products were separated on agarose gels. The fragments were then transferred to nitrocellulose filters by the Southern technique (18) and hybridized to nick-translated s11 DNA. Figure   7 shows the autoradiograms of three gels containing different agarose concentrations. The 0.8% agarose gels reveal that fragment EcoRI-B from the chromosomal digest migrates slightly faster than EcoRI-B from mature phage DNA.
The attachment site of the phage 411 DNA is therefore probably located on fragment EcoRI-B. At integration, fragment EcoRI-B is cleaved and the two parts will forn the ends of the prophage fused to chromosomal DNA. Two fragments composed of both 4)11 and chromosomal sequences will be formed by EcoRI digestion.
Tihese two fragments could be traced with nick- No such fragments could be found in a 0.7% agarose gel (Fig. 7B) , suggesting that the att site is located at the other end of the EcoRI-B fragment close to fragment EcoRI-E.
Homoduplex analysis of 11 DNA. To confirm that 411 DNA is circularly permuted, homoduplexes of the mature DNA were analyzed in the electron microscope. Figure 8 shows the three different forms of the homoduplexes observed. Figure 8A The distance between the two ss tails corresponds to around 17% of the circumference. (Fig. 1) . A novel ap- (Fig. 8) , in which double-stranded circles with ss tails were observed. The homoduplex pattem suggests that )11 DNA is permuted to at least 42% of the genome length and that the terminal repetitions correspond to 5% of the genome. Similar structures have been described for homoduplexes of DNA from phage T2 ofEscherichia coli (20) , coliphage 15 (6) , and deletion mutants of Salmonella typhimurium phage P22 (22) , which are all circularly permuted and terminally redundant. Although randomly permuted phage DNA has been observed for phage T2 (9), the randomness of the permutation is probably dependent on the number of genome copies in the concatemers and the size of the terminal repetition whenever there is a unique starting site for encapsidation (23 Table 2 . This estimate lies within the range determined for the size of the mature 41l DNA by electron microscopy (see Table 1 ) and as previously reported by Brown et al. (3) . Our study has therefore established that the mature s1 DNA is circularly permuted, which correlates well with the circular genetic map established by Kretschmer and Egan (5) , with the aid of sus mutants of the phage. Correlation of the genetic and physical maps has been accomplished in the accompanying paper (8); several restriction fragments of phage 441 DNA have been cloned in S. aureus in order to locate the mutants on specific fragments.
